Rac Activity Is Polarized and Regulates Meiotic Spindle Stability and Anchoring in Mammalian Oocytes  by Halet, Guillaume & Carroll, John
Developmental Cell
Short ArticleRac Activity Is Polarized and Regulates
Meiotic Spindle Stability and Anchoring
in Mammalian Oocytes
Guillaume Halet1,* and John Carroll1
1Department of Physiology, University College London, Gower Street, London WC1E 6BT, United Kingdom
*Correspondence: g.halet@ucl.ac.uk
DOI 10.1016/j.devcel.2006.12.010SUMMARY
Mammalian meiotic divisions are asymmetrical
and generate a large oocyte and two small polar
bodies. This asymmetry results from the an-
choring of the meiotic spindle to the oocyte
cortex and subsequent cortical reorganization,
but the mechanisms involved are poorly under-
stood.We investigated the role of Rac in oocyte
meiosis by using a fluorescent reporter for
Rac-GTP. We find that Rac-GTP is polarized in
the cortex overlying the meiotic spindle. Polari-
zation of Rac activation occurs during spindle
migration and is promoted by the proximity of
chromatin to the cortex. Inhibition of Rac during
oocyte maturation caused a permanent block
at prometaphase I and spindle elongation. In
metaphase II-arrested oocytes, Rac inhibition
caused the spindle to detach from the cortex
and prevented polar body emission after acti-
vation. These results demonstrate that Rac-GTP
plays a major role in oocyte meiosis, via the
regulation of spindle stability and anchoring to
the cortex.
INTRODUCTION
The production of haploid oocytes competent for fertiliza-
tion is achieved through meiosis, which involves two suc-
cessive cell divisions without intervening DNA replication
(Petronczki et al., 2003). During meiosis I, homologous
chromosomes are segregated and genetic diversity is
generated by recombination, while sister chromatids are
segregated in meiosis II. Correct segregation is critical
for normal development of the embryo, andmost chromo-
somal aneuploidies in humans result from nondisjunctions
during the first meiotic division (Hassold and Hunt, 2001).
In oocytes of all species, the meiotic divisions are highly
asymmetric, resulting in a single large oocyte and two
small polar bodies. This asymmetry is essential to pre-
serve the maternal complement of resources necessary
to support subsequent early development.
The immature mammalian oocyte is a largely symmetri-
cal cell arrested at prophase I and has a centrally locatedDevelopmgerminal vesicle (GV). Hormonal stimulation, or release
from the ovarian environment, triggers meiosis resump-
tion, emission of the first polar body (PB1), and arrest at
the metaphase II (MII) stage with a cortically located spin-
dle aligned parallel to the cortex. At fertilization, meiosis II
resumes with emission of the second polar body (PB2)
and formation of a zygote that will divide symmetrically
to the two-cell stage.
Asymmetry develops in meiosis I, after GV breakdown
(GVBD) and formation of the spindle in the center of the
oocyte. As meiosis proceeds, the spindle migrates along
its long axis toward the oocyte cortex, and PB1 is ex-
truded in the axis of spindle migration (Leader et al.,
2002; Maro and Verlhac, 2002). Spindle migration is actin
dependent and is accompanied by a local reorganization
of the cortex, including accumulation of actin filaments
andmyosin II, which prime the oocyte for polar body emis-
sion (Simerly et al., 1998; Brunet and Maro, 2005). The
mechanisms underlying spindle migration, anchoring,
and cortical reorganization are largely unknown, and until
recently actin and myosin II were the only proteins known
to distribute asymmetrically in the cortex of mammalian
oocytes.
Recent studies have reported that mammalian homo-
logs of the evolutionarily conserved polarity proteins
Par3 and Par6 are expressed in mouse oocytes and are
enriched in the cortex overlying the MII spindle (Vinot
et al., 2004; Duncan et al., 2005). Par3, Par6, and PKCz as-
semble as a multiprotein complex that plays an essential
role in the development and maintenance of cell polarity
in diverse systems (Doe, 2001). Interestingly, asymmetric
localization of the Par complex in mammalian cells is
thought to bemediated by the binding of Par6 to activated
(GTP-bound) Rac1 or Cdc42, two members of the Rho
family of small GTPases (reviewed in Kim, 2000). In mouse
oocytes, Cdc42 was recently shown to be necessary for
oocyte polarization and spindle formation during meiosis
I (Na and Zernicka-Goetz, 2006). However, there is yet
no evidence to link oocyte polarization to an asymmetrical
activation of Rac or Cdc42.
In this study, we asked whether Rac, one of the major
Rho GTPases expressed in mouse oocytes (Natale and
Watson, 2002; Kumakiri et al., 2003), was involved in oo-
cyte polarization during meiosis. We examined Rac acti-
vation and function in living oocytes by using a genetically
encoded fluorescent probe that binds to Rac-GTP, andental Cell 12, 309–317, February 2007 ª2007 Elsevier Inc. 309
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Polarized Rac-GTP Regulates Oocyte MeiosisFigure 1. Polarization of Rac-GTP during Meiosis I
(A–F) GV and MII oocytes were injected with mRNA encoding PAK-PBD-YFP to monitor Rac-GTP (green). Chromosomes aligned on the MII spindle
are stained with Hoechst 33342 (blue). (A) GV oocyte. (B) MII oocyte recovered after ovulation. (C) MII oocyte obtained by in vitro maturation. (D) MII
oocyte expressing PAK-PBD-YFP fixed and stained for actin filaments (Alexa Fluor 546 Phalloidin, red). The right panel shows the overlay of the green
and red channels, where colocalization appears in yellow. (E) GV (left panel) and MII (right panel) oocytes coinjected with the mRNAs encoding
PAK-PBD-YFP and N17Rac1. (F) MII oocyte expressing PAK-PBD-YFP fixed and stained with an antibody against Rac1 (red). The scale bars
are 10 mm.a dominant-negative Rac1 mutant. Our results show that
Rac activity becomes polarized during meiotic progres-
sion and controls spindle stability and anchoring to the
cortex and, consequently, asymmetrical cell division.
RESULTS
Rac Activation Becomes Polarized during Oocyte
Maturation
Rac-GTP was detected in living mouse oocytes injected
with the mRNA encoding a YFP-tagged p21-binding
domain of p21-activated kinase (PAK-PBD-YFP), which
binds selectively to Rac-GTP in vivo (Kraynov et al.,
2000; Srinivasan et al., 2003). In GV-stage oocytes, the
probe accumulated uniformly over the cortex, indicating
homogenous Rac activation (Figure 1A). In contrast, in
ovulated or in vitro-matured MII oocytes, the probe was
located mostly in the cortical region overlying the meiotic
spindle, with little translocation in the rest of the cortex
(Figures 1B and 1C). This Rac-GTP cap colocalized with
the actin cap that develops in the cortex adjacent to the
meiotic spindle (Figure 1D).
To confirm that PAK-PBD-YFP was indeed a reporter of
Rac activity, GV and MII oocytes were coinjected with the310 Developmental Cell 12, 309–317, February 2007 ª2007 ElsemRNA encoding N17Rac1, a dominant-negative form of
Rac1 (Ridley et al., 1992). In both cases, the Rac-GTP
probe remained cytosolic, demonstrating that cortical
localization of PAK-PBD-YFP indicates the presence of
Rac-GTP (Figure 1E).
To check whether the polarization of Rac-GTP was due
to a redistribution of the Rac protein, we performed immu-
nostaining against Rac1 in GV and MII oocytes. Rac1 was
homogenously distributed in the cortex of GV oocytes
and colocalized with PAK-PBD-YFP (not shown). In MII
oocytes, Rac1 also distributed all over the cortex (Fig-
ure 1F). Therefore, oocyte maturation through meiosis I
is characterized by a dramatic polarization of Rac activity
in the cortical region facing themeiotic spindle, most likely
due to an asymmetrical localization of signaling inputs
for GTP loading on Rac, rather than to redistribution of
Rac itself.
Rac Is Activated in the Vicinity of Meiotic
Chromosomes
To understand how Rac-GTP becomes restricted to the
cortical region facing the spindle in MII oocytes, we
examined PAK-PBD-YFP distribution during maturation
in vitro. Five hours after GVBD, the meiotic spindle hadvier Inc.
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Polarized Rac-GTP Regulates Oocyte MeiosisFigure 2. Meiotic Chromatin Triggers
Rac Activation at Distance
(A–G) Oocytes at different stages of maturation
were examined for Rac activity (PAK-PBD-
YFP, green) and chromosome configuration
(Hoechst 33342, blue): (A) GVBD + 5 hr; (B)
GVBD + 7 hr; (C and D) GVBD + 8 hr; (E)
GVBD + 9 hr; (F) MII oocyte treated with 1 mM
nocodazole for 2.5 hr, showing two chromo-
some clusters, each associated with a Rac-
GTP cap; (G) MI oocyte before (upper panel)
and after (lower panel) compression (also see
Movies S1 and S2).formed in the center of the oocytes, and Rac-GTP was
found all around the cortex, as in GV oocytes (Figure 2A).
During spindle migration toward the cortex, Rac-GTP
accumulated in the cortical area facing the approaching
spindle and decreased in the rest of the cortex (Figure 2B).
A total of 7–8 hr after GVBD, the patch of membrane
enriched in Rac-GTP protruded to form PB1 (Figures 2C
and 2D). After formation of the MII spindle, Rac-GTP
was enriched in the oocyte cortex overlying theMII spindle
and in the polar body area facing the extruded chromo-
somes (Figure 2E). Therefore, polarization of Rac activity
accompanies spindle migration, resulting in high Rac
activity in the forming polar body and in the cortex overly-
ing the MII spindle.
Meiotic chromosomes have been shown to induce
cortical reorganization via a yet unexplained ‘‘at distance’’
effect (Brunet and Maro, 2005). We thus examined their
role in Rac activation by treating MII oocytes with nocoda-
zole, which results in spindle depolymerization and chro-
mosome scattering throughout the cortex,where a cortical
actin cap is induced over each group of chromosomes
(Maro et al., 1986). Strikingly, a Rac-GTP cap developed
in the cortex overlying each cluster of chromosomes
(Figure 2F), suggesting that meiotic chromosomes can
induce localized Rac activation when located in close
proximity to the cortex.DevelopmTo verify this hypothesis, we designed an ‘‘oocyte com-
pression’’ protocol, whereby a prometaphase I oocyte is
compressed between two holding pipettes in order to
bring the plasmamembrane closer to the centrally located
chromosomes (Figure S1; see the Supplemental Data
available with this article online). Upon compression,
Rac-GTP accumulated rapidly (<1 min) in the membrane
area brought into the vicinity of the chromosomes
(Figure 2G;Movie S1). This effectwas completely reversed
by releasing the compression (Movie S2), and oocytes
could be repeatedly compressed with similar results (not
shown). The simple application of the compression pipette
firmly against the oocyte, without actually compressing it,
did not affect cortical Rac activity (not shown), suggesting
that the observed increase in cortical Rac-GTP necessi-
tates the proximity of the meiotic chromosomes with the
cortex. In contrast, no enhancement of cortical Rac activity
was observed in compressed GV oocytes (Movie S3).
When the compression experiment was performed 1–2
hr after GVBD, a minor increase in cortical Rac-GTP was
noticed; however, its amplitude was much smaller than
in compressed prometaphase I oocytes (not shown).
Together, these data suggest that meiotic chromo-
somes may carry a GTP/GDP exchange factor (GEF) for
Rac or an activator of a cortically located Rac-GEF. Fur-
thermore, the fact that Rac activity increases in the vicinityental Cell 12, 309–317, February 2007 ª2007 Elsevier Inc. 311
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Polarized Rac-GTP Regulates Oocyte MeiosisFigure 3. Rac Inhibition Arrests Oocytes
in Prometaphase I
(A) Oocytes matured in vitro from the GV stage,
after injection with water (left) or mRNA encod-
ing N17Rac1 (right). The first polar body was
emitted in the control oocyte (left) but was
absent when Rac was inhibited (right).
(B) Oocyte expressing N17Rac1 observed
20 hr after GVBD. Note the actin cap, the cor-
tically located spindle, and the misalignment
of chromosomes. The right panel showsamag-
nification of the spindle area.
(C) Control oocytes observed 7–8 hr after
GVBD, showing the spindle in the late stage
of its migration. The magnified spindle area
shows chromosomes aligned at the spindle
equator (middle panel). Some oocytes already
displayed anaphase figures (right).
(D) Two examples of oocytes with elongated
spindles. The density of tubulin staining (green)
is very low and is barely detectable above
background. One oocyte (top) shows an al-
most tripolar spindle and two actin caps in
the same confocal plane. Red, actin filaments;
green, microtubules; blue, chromosomes.
Oocytes were fixed 18–20 hr after release from
GV arrest.of the spindle while decreasing in the rest of the cortex
during spindle migration suggests that this Rac-GEF
generates a gradient of Rac activation centered on the
meiotic spindle.
Rac Inhibition Arrests the Oocytes in Meiosis I
and Prevents PB1 Emission
To investigate the role of Rac in meiosis, GV-stage
oocytes expressing N17Rac1 were allowed to spontane-
ously mature to the MII stage. Strikingly, most oocytes
did not extrude PB1, even after an extended culture period
(up to 20 hr), whereas most control oocytes extruded PB1312 Developmental Cell 12, 309–317, February 2007 ª2007 Elseafter 8 hr of culture and arrested at the MII stage
(Figure 3A; Figure S2).
To understand why Rac inhibition prevented PB1
emission, spindle microtubules, actin filaments, and chro-
mosomes were labeled (as described in Experimental
Procedures), and their configurations were examined. In
the majority of the oocytes blocked at MI (33/46, 72%),
the spindle was located in close proximity to the cortex,
perpendicular to the plasmamembrane, indicating a block
after spindlemigration (Figure 3B). In addition, an actin cap
had developed in the cortical area overlying the spindle
(Figure 3B). Control oocytes examined at the late stages
of spindle migration (GVBD + 7–8 hr) exhibited a similarvier Inc.
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anaphase figures (Figure 3C). The only noticeable differ-
ence was in the configuration of meiotic chromosomes:
in control oocytes, bivalents were orderly aligned at the
spindle equator (Figure 3C); in contrast, oocytes express-
ing N17Rac1 showed aberrant metaphase figures with
many lagging chromosomes (Figure 3B; Movie S4).
In the remaining oocytes lacking PB1 (13/46, 28%), the
spindlemorphologywasdramaticallydisturbed,beingelon-
gated from one side of the oocyte to the other (Figure 3D).
Some oocytes exhibited tripolar or multiple spindles (not
shown). Furthermore, chromosomeswere randomlydistrib-
uted along these stretched spindles, preventing the estab-
lishment of the metaphase configuration. Interestingly,
these oocytes exhibited two actin caps, presumably result-
ing from the presence of chromosomes in the vicinity of the
cortex, at both spindle poles (Figure 3D; Movie S5).
To check whether homologous chromosomes had
segregated during themeiosis I block, oocytes expressing
N17Rac1 (GVBD + 20 hr) were processed for chromo-
some spreads. A total of 20 bivalents were recovered
from each individual oocyte, demonstrating that anaphase
I did not occur during the meiosis I block (Figure S3).
Taken together, these results suggest that Rac activity
is necessary for stabilization of spindle microtubules,
alignment of the chromosomes, and meiotic progression
beyond prometaphase I. However, Rac activity seems
not to be required for spindle assembly per se, nor for
spindle migration or formation of the actin cap.
Rac Regulates Spindle Anchoring during
the Metaphase II Arrest
Inhibition of Rac during meiosis I prevented emission of
PB1, but this was due to a failure to assemble a stable
and functional metaphase spindle and to initiate ana-
phase. To assess the role of Rac in postmetaphase events
without disturbing the formation of the spindle apparatus,
we expressed N17Rac1 in MII-arrested oocytes, followed
by activation with ethanol (Rogers et al., 2006). Strikingly,
most oocytes failed to emit PB2, while pronuclear forma-
tion was unaffected, resulting in binucleate parthenotes
(Figure 4A; Table S1). Time-lapse imaging revealed that
these oocytes failed to show signs of membrane protru-
sion, which is the first event in polar body formation (not
shown). In control oocytes activated with ethanol, a single
female pronucleus was formed, and Rac activity was
concentrated in PB2 (Figures 4B and 4C). Rac-GTP was
also restricted to PB2 in one-cell embryos obtained by
fertilization (Figure 4C). These data suggest that the polar-
ized accumulation of Rac-GTP in the cortex overlying the
spindle plays a major role in membrane protrusion during
polar body formation.
To obtain further insight into the role of Rac in PB2 for-
mation, MII-arrested oocytes were allowed to express
N17Rac1 for up to 5 hr before fixation, and the configura-
tions of the actin network and spindle microtubules were
examined. Control oocytes exhibited the normalMII-arrest
configuration, i.e., a cortically located spindle, oriented
parallel to the cortex and lying beneath an actin capDevelopm(Figure 4D). In contrast, only half (16/34 oocytes) of the
oocytes expressing N17Rac1 exhibited this configuration
(not shown). The remaining oocytes expressing the Rac
mutant showed MII spindles oriented perpendicular to
the cortex, connected to the cortex via one spindle pole
(12/34; Figure 4E), or totally detached from the cortex
and located around the center of the oocyte (6/34;
Figure 4F). In the latter, the actin cap had disappeared
(Figure 4F). Finally, one oocyte exhibited two spindle-like
structures located in two opposite cortical locations (not
shown). We conclude that during the MII arrest, the polar-
ized Rac-GTP cap is required to maintain spindle anchor-
ing to the cortex. In addition, the failure of binucleate
parthenotes to cleave after karyokinesis suggests that
polarized Rac activity is required for cytokinesis.
DISCUSSION
Polarization of the mammalian oocyte is an absolute
requirement for meiosis, but the mechanisms involved
are poorly understood. In this study, we show that meiotic
maturation in mouse oocytes is associated with a polar-
ized activation of Rac in the cortex overlying the spindle.
This polarized Rac activity plays a number of roles during
meiosis, including the regulation of spindle dynamics,
cortical anchoring of the MII spindle, the completion of
meiosis, and polar body emission. Rac-GTP is therefore
a major player in oocyte polarization and asymmetric
meiotic divisions.
The first striking result of the present study is thatmouse
oocytes show a chromosome-mediated gradient of Rac
activation. This is evidenced by the asymmetrical distribu-
tion of Rac-GTP upon spindle migration, as well as the lo-
calized increase in Rac activation when oocytes are com-
pressed in order to bring the cortex in the vicinity of the
chromosomes. This could be explained by the presence,
on the chromosomes, of an activator of a cortically located
Rac-GEF, but such amechanism has not been reported in
other systems. An alternative hypothesis to explain these
findings is thepresenceof aRac-GEFassociatedwithmei-
otic chromatin. There is a precedent for chromatin-bound
GEF generating a gradient of GTPase activity, in the case
of Ran and the Ran-GEF RCC1 (Kalab et al., 2002). Inter-
estingly, the increase in Rac-GTP upon oocyte compres-
sion was observed only after GVBD, and the strength of
this stimulation increased as oocytes progressed through
meiosis I. These observations are consistent with the idea
of a Rac-GEF being sequestered in the GV until GVBD,
then concentrating in the center of the oocyte via its asso-
ciation with condensing chromosomes. Further work is
necessary to identify the putative Rac-GEF that our data
suggest is associated with meiotic chromosomes.
Another candidate for triggeringpolarizedRacactivation
is the phosphatidylinositol 3-kinase (PI3K) lipid product
PtdIns(3,4,5)P3, which is polarized in chemotacting cells
(Srinivasan et al., 2003) and is known to directly increase
Rac-GEF activity (Welch et al., 2003). In preliminary exper-
iments with GFP-tagged pleckstrin homology domains
(Halet, 2005), we found no evidence for PtdIns(3,4,5)P3ental Cell 12, 309–317, February 2007 ª2007 Elsevier Inc. 313
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Polarized Rac-GTP Regulates Oocyte MeiosisFigure 4. Rac-GTP Is Necessary for Polar Body Emission and Anchoring of the Metaphase II Spindle
(A) MII oocyte expressing N17Rac1 and activated with ethanol, generating a binucleate parthenote. DNA staining with Hoechst (blue) shows two
female pronuclei. DNA in the first polar body is also labeled.
(B) MII oocyte injected with water and activated with ethanol. A single female pronucleus is visible and stained with Hoechst. DNA in the second polar
body is also labeled.
(C) Rac-GTP (green) concentrates in the second polar body in oocytes activated with ethanol (left) and in fertilized oocytes (right).
(D–F) MII oocytes stained for actin (red), tubulin (green), and DNA (blue). The oocyte in (D) is a control, injected with water. Oocytes in (E) and (F)
express N17Rac1; actin labeling is shown in a separate panel. Note the MII spindle oriented perpendicular to the cortex in (E) and located toward
the center of the oocyte in (F). Note also the absence of an actin cap in (F).polarization in mouse oocytes; furthermore, the PI3K in-
hibitor wortmannin had no effect on Rac activation (not
shown), arguing against a role for PtdIns(3,4,5)P3 in polar-
ized Rac activation in mouse oocytes.
We investigated the role of Rac activity by using a dom-
inant-negative Rac mutant, and we found that Rac-GTP314 Developmental Cell 12, 309–317, February 2007 ª2007 Elsregulates several important events of oocyte meiosis,
including spindle formation and chromosome segrega-
tion, polar body protrusion and cytokinesis, and spindle
anchoring during the MII arrest.
Rac inhibition caused a block in meiosis I; oocytes
exhibited either a normal-sized spindle located in theevier Inc.
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somes. These different phenotypes most likely arise as
a result of different levels of Rac inhibition during specific
stages of spindle formation. The block after spindle mi-
gration resembles the metaphase I arrest observed in
oocytes that fail to satisfy the spindle assembly check-
point, suggesting that it is due to the observed misalign-
ment of the chromosomes and, possibly, to a defect in
the assembly of stable kinetochore fibers (Brunet et al.,
1999; Wassmann et al., 2003; Homer et al., 2005). Meiotic
arrest with spindle elongation was reported in oocytes
lacking the DNA mismatch repair protein MLH1 and was
attributed to a failure of the chromosomes to establish
stable bipolar attachments, resulting in a dysregulation
of interpolar microtubules (Woods et al., 1999). A similar
phenotype was recently reported in mouse oocytes after
inhibition of Cdc42 (Na and Zernicka-Goetz, 2006), an-
other Rho GTPase that has been found to regulate micro-
tubule attachment to kinetochores in mitotic somatic cells
(Yasuda et al., 2004). Therefore, Rac and Cdc42 may be-
long to the same signaling cascade regulating micro-
tubule-kinetochore attachment, and consequently spindle
stability, in mouse oocytes. Interestingly, Cdc42 is not
necessary for spindle formation and function in Xenopus
oocytes, but it is specifically required for cytokinesis
(Ma et al., 2006). Therefore, Rho GTPase signaling differs
significantly in oocytes from mammalian and nonmam-
malian species. A specific probe detecting mammalian
Cdc42-GTP would be necessary to uncover the dynamics
of Cdc42 activation in mouse oocytes.
Our data also show that cytokinesis and polar body
formation are also under the control of Rac in mouse
oocytes. A universal regulator of cytokinesis is the small
GTPase RhoA, which controls the formation of the acto-
myosin contractile ring (Glotzer, 2005). In fertilized mouse
oocytes, inhibition of the Rho pathway results in the for-
mation of binucleate zygotes lacking PB2 (Moore et al.,
1994; Zhong et al., 2005). We show here that inhibition
of Rac recapitulates this phenotype, suggesting that Rac
may function upstream of Rho in mouse MII oocytes. Pre-
sumably, the polarized accumulation of Rac-GTP during
meiosis I also regulates Rho-dependent cytokinesis
during emission of PB1, but this could not be verified since
Rac inhibition resulted in a cell cycle arrest at prometa-
phase.
In addition, our data suggest that Rac is required in the
process of polar body protrusion. Since Rac is a well-
known regulator of actin polymerization and reorganiza-
tion during lamellipodium formation (Nobes and Hall,
1995), it is tempting to assume that Rac plays a similar
role during polar body emission. Since formation of the
actin cap was unaffected by Rac inhibition, the role of
Rac may rather be in reorganizing pre-existing actin fila-
ments to induce polar body protrusion. Rac was shown
to induce myosin II phosphorylation and redistribution in
neuronal cell lines, resulting in lamellipodial protrusions
and cell spreading (van Leeuwen et al., 1999). Rac could
play a similar role in oocytes by locally releasing actin
filaments from their interaction with myosin II, thusDevelopmdecreasing cortical tension and promoting actin-mediated
polar body protrusion (Simerly et al., 1998).
An absolute requirement for asymmetrical cell division
during meiosis is the maintenance of the MII spindle
anchored in the oocyte cortex. Our data show that this
anchoring requires Rac-GTP. In oocytes lacking Rac ac-
tivity, the MII spindle was found oriented perpendicular
to the cortex, or completely detached from the cortex,
suggesting a loss of spindle anchoring at one, and eventu-
ally at both, spindle pole. In mammalian and Xenopus
oocytes, actin filaments are thought to mediate spindle
anchoring, and there is evidence that actin also regulates
spindle rotation before extrusion of PB2 in activated
mouse oocytes (reviewed in [Sun and Schatten, 2006]).
Therefore, Rac-GTP may regulate the polymerization
and/or reorganization of a susbset of actin filaments
necessary for spindle anchoring during the MII arrest.
In conclusion, this study identifies Rac as a major regu-
lator of oocyte polarization and meiotic divisions. We
propose amodel in whichmeiotic chromosomes, possibly
carrying a Rac-GEF, trigger a localized activation of Rac in
the oocyte cortex as a result of spindle migration. This
Rac-GTP cap, in return, regulates chromosome alignment
and segregation as well as polar body emission. In addi-
tion, polarized Rac-GTP serves to anchor the spindle in
the cortex during the MII arrest. An important challenge
for future studies is to identify the chromatin-associated
factor driving Rac activation as well as the Rac effectors
involved in this broad spectrum of functions.
EXPERIMENTAL PROCEDURES
Oocyte Collection and Culture
GV and MII oocytes were collected from the ovaries and oviducts of
primed MF1 mice and were cultured in M2 medium as described
previously (Halet et al., 2002). Oocytes were maintained at the GV
stage by supplementing M2 medium with 250 mM dibutyryl-cAMP.
For in vitro maturation, GV oocytes were cultured in M16 medium in
a 5% CO2 incubator.
For ethanol activation, MII oocytes injected with water or the mRNA
encoding N17Rac1 were cultured for 7 min in M2 medium containing
7% ethanol, as described previously (Rogers et al., 2006).
In order to examine Rac activation in PB2 shortly after its formation,
fertilized oocytes were recovered from the oviducts 18 hr after hCG
administration and mating with F1 males.
In all experiments, DNA was labeled by incubation with 5 mg/ml
Hoechst 33342 for 10 min. Chromatin configuration was observed by
using a UV laser for excitation.
Expression of PAK-PBD-YFP and N17Rac1 in Mouse Oocytes
Mouse oocytes were injected with mRNAs encoding the Rac-GTP
probe PAK-PBD-YFP and the dominant-negative form of Rac,
N17Rac1. PAK-PBD-YFP in pcDNA3 was kindly provided by Klaus
Hahn (University of North Carolina, Chapel Hill, NC). N17Rac1 in
pRK5, a generous gift from Alan Hall (Memorial Sloan-Kettering Can-
cer Center, New York, NY), was subcloned into pcDNA3.1. mRNAs
were made in vitro by using the mMessage mMachine kit (Ambion)
and were pressure injected into oocytes. Control oocytes were
injected with an equivalent amount of water.
Immunostaining
Oocytes were fixed in paraformaldehyde (3.7% in PBS) for 50 min,
permeabilized with Triton X-100 (0.25% in PBS) for 10 min, thenental Cell 12, 309–317, February 2007 ª2007 Elsevier Inc. 315
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temperature. Fixed oocytes were incubated with the primary antibody
for 1 hr in the dark at 37C, washed three times, then incubated with
the secondary antibody for 1 hr in the dark at 37C and washed an
additional three times before imaging. The following primary and sec-
ondary antibodies were used: Rac1 C-14 (1:100; rabbit polyclonal,
Santa Cruz Biotechnology), a-tubulin (1:200; mouse monoclonal,
AbCam), Alexa Fluor 488 goat anti-mouse IgG (1:1000; Invitrogen),
and Alexa Fluor 546 goat anti-rabbit IgG (1:500; Invitrogen).
Chromosome Spreads
Control MI oocytes (GVBD + 5 hr) and oocytes expressing N17Rac1
and blocked in meiosis I (GVBD + 20 hr) were individually spread
and fixed on glass microscope slides according to the method pro-
posed by Roberts et al. (2005). Air-dried slides were mounted under
a coverslip in antifade Vectashield (Vector Laboratories, Peterbor-
ough, UK) containing DAPI, and chromosomewere visualized by using
an inverted microscope and a 633 water-immersion lens.
Image Acquisition and Analysis
Confocal images (3.5 mm thick) were aquired with an LSM510meta
confocal microscope (Carl Zeiss MicroImaging, Inc.) with the following
band pass emission filters (nm): 505–550 (PAK-PBD-YFP), 385–470
(Hoechst 33342), 585–615 (Alexa Fluor 546), 505–530 (Alexa Fluor
488). Images displayed in the figures were analyzed with MetaMorph
(Molecular Devices) and are representative of at least 11 similar obser-
vations from 2–4 experiments.
Supplemental Data
Supplemental Data include the description of the protocol for oocyte
compression (Figure S1), the effects of Rac inhibition on first and
second polar body emission and pronucleus formation (Figure S2;
Table S1), chromosome spreads (Figure S3), and five movies and
are available at http://www.developmentalcell.com/cgi/content/full/
12/2/309/DC1/.
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